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HIGH DENSITY PLASMA CHEMICAL VAPOR DEPOSITION 

PROCESS 

BACKGROUND 

1. Technical Field 

The present invention relates to a process of manufacturing a 
semiconductor device, and more particularly, to a high-density plasma chemical 
vapor deposition process for forming a material layer in gap regions in a 
semiconductor device. 

2. Discussion of Related Art 

As semiconductor devices become more highly integrated, gap regions 
have higher aspect ratios because of an area between adjacent interconnections 
has been reduced. In addition, as an aspect ratio increases for gap regions, the 
filling of the gap regions becomes more difficult. Generally, an interlayer- 
insulating layer is formed to fill gap regions using a low-pressure chemical vapor 
deposition (LPCVD) process. However, there are some limitations in using a 
LPCVD process in filling gap regions having a high aspect ratio. Therefore, a 
high-density plasma CVD process has been proposed because a high-density 
plasma CVD technique has improved gap-filling characteristics over the LPCVD 
and has been widely used in fabrication of the highly integrated semiconductor 
devices. Further, a high-density plasma CVD process fills a gap region having a 
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high aspect ratio by deposition processes and sputter etching processes, which 
are alternately and repeatedly performed. However, conventional high-density 
plasma CVD processes also have certain limitations. 

For instance, a conventional high-density plasma CVD process taught in 
U.S. Patent Publication No. US 2001/0019903 A1 to Shufflebotham et al., entitled 
"Inductively coupled plasma CVD". According to Shufflebotham et al.. conductive 
lines, which are adjacent to each other, are formed on a semiconductor substrate, 
and the semiconductor substrate having the conductive lines is loaded on a 
chuck installed inside a process chamber. A reactant gas such as a hydrogen 
gas, an oxygen gas, a nitrogen gas, an ammonia (NH3) gas or a nitrogen 
trifluoride (NF3) gas as well as a silicon-containing gas such as a silane (SiH4) 
gas, a silicon tetrafluoride (SiF4) gas, a disilane (Si2H6) gas or the like are then 
injected into the process chamber to form a material layer that fills gap regions 
between the conductive lines. Before forming the material layer, the chuck 
maintains a temperature of SOX to 200X to produce a material layer having low 
stress. 

However, in the disclosure of Shufflebotham et al., the material layer may 
contain fluorine atoms because the fluorine atoms dissociate from fluorine-based 
gases, such as a SiF4 gas or a NF3 gas, and cannot be completely exhausted 
through the outlet of the process chamber. In addition, if a hydrogen gas is used 
as a reactant gas, hydrogen atoms in the hydrogen gas react with the fluorine 
atoms to produce hydrofluoric acid (HF). Further, since the process maintains a 
temperature at 200X or below, the hydrofluoric acid is not vaporized and 



remains in the process chamber. Thus, even though the hydrogen gas is used as 
a reactant gas, the fluorine atoms still remain in the material layer. The fluorine 
atoms contained in the material layer generate lung-shaped defects. Further, the 
hydrogen atoms in the hydrogen gas can also exist in the material layer. The 
hydrogen atoms present in the material layer generate bubble defects in the 
material layer during subsequent thermal processes. 

Furthermore, the process chamber is made of an aluminum oxide (AI2O3). 
The fluorine atoms dissociated from the fluorine-based gas react with the 
aluminum oxide and corrode the process chamber during formation of the 
material layer. Thus, the semiconductor substrate in the process chamber is 
contaminated with aluminum atoms. In addition, when a nitrogen gas or a 
nitrogen-base gas is used as a reactant gas, nitrogen atoms in the reactant gas 
react with the material layer. For instance, the nitrogen atoms react with a silicon 
oxide layer to form a silicon oxynitride layer or a silicon nitride layer in the 
material layer. Therefore, the material layer may locally exhibit non-uniform etch 
rates. Further, if contact holes are to be etched in the material layer, the contact 
holes may have an abnormal profile or may not be completely open because the 
material layer exhibits non-uniform etch rates. 

Furthermore, Japanese Patent Publication Nos. 10092816 A and 
10229081 A discloses a process of forming a silicon oxide layer having a low 
dielectric constant (e.g., a fluorine-doped silicon oxide layer) on a semiconductor 
substrate. The fluorine-doped silicon oxide layer is formed using a SiF4 gas, and 
the semiconductor substrate is maintained at a temperature of below 400**C so 



that the silicon oxide layer contains fluorine atoms dissociated from the SiF4 gas. 

Therefore, a need exists for using a high-density plasma chemical vapor 
deposition process to form a material layer without fluorine atoms in gap regions 
in semiconductor devices to prevent the formation of defects in the 
5 semiconductor devices. 

SUMMARY OF THE INVENTION 

It is an aspect of the present invention to provide a high-density plasma 
CVD process capable of minimizing the composition rate of fluorine for forming a 
10 material layer in a gap region in a semiconductor device. 

It is another aspect of the present invention to provide a high-density 
plasma CVD process capable of minimizing the composition rate of hydrogen for 
forming a material layer in a gap region in a semiconductor device. 

It is still another aspect of the present invention to provide high-density 
15 plasma CVD process capable of minimizing the composition rate of nitrogen for 
forming a material layer in a gap region in a semiconductor device. 

It is still yet another aspect of the present invention to provide a high- 
density plasma CVD process being capable of minimizing the composition rates 
of fluorine, hydrogen and nitrogen, and improving gap-filling characteristics for 
20 forming a material layer in a gap region in a semiconductor device. 

In one exemplary embodiment of the present invention, there is provided 
a high-density plasma CVD process for forming a silicon oxide layer, which is 
capable of filling gap regions without any voids or defects therein. The high- 
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density plasma CVD process comprises loading a semiconductor substrate into a 
process chamber and injecting first main process gases into the process 
chamber. The first main process gases include a silicon source gas, an oxygen 
gas, a nitrogen free chemical etching gas and a hydrogen gas. Thus, a high- 
density plasma Is generated over the semiconductor substrate, and the 
semiconductor substrate is heated to a temperature in a range of about 550°C to 
about ZOCC due to the high-density plasma. The process gases then react with 
one another to form a silicon oxide layer on the semiconductor substrate. 

The process above also provides that the high density plasma Is 
generated by applying a plasma power and a bias power to an induction coil 
installed outside the process chamber and to the semiconductor substrate loaded 
into the process chamber, respectively, during injection of the first main process 
gases. Preferably, the plasma power is in the range of about 2500 to about 5000 
watts and the bias power is in the range of about 800 to about 4000 watts. 

According to another exemplary embodiment, the silicon source gas is a 
silane (SiH4) gas or a disilane (Si2H6) gas. Also, the nitrogen free chemical 
etching gas is preferably a silicon fluoride (SiF4) gas. The silicon source gas 
provides silicon atoms for the formation of a silicon oxide layer, and the nitrogen 
free chemical etching gas provides fluorine ions to chemically etch the silicon 
oxide layer. Most of the fluorine ions used in the chemical etching react with the 
hydrogen ions dissociated from a hydrogen gas to produce hydrofluoric acid. 
Because the semiconductor substrate is at a temperature in the range of about 
550°C to about 700°C, the hydrofluoric acid is completely vaporized, and the 



vaporized hydrofluoric acid gas is exiiausted ttirougli an outlet in the process 
chamber. 

In yet another exemplary embodiment, second main process gases are 
injected into the process chamber instead of the first main process gases. The 
5 second main process gases include a silicon source gas, an oxygen gas, and a 
nitrogen free chemical etching gas, a hydrogen gas and a helium gas. The 
helium gas provides helium atoms that contribute to a sputtering etching process. 
Therefore, if second main process gases are used, a physical etching process is 
simultaneously performed with the chemical etching process. 

10 According to the exemplary embodiments of the present invention, the 

amount of the fluorine atoms, the nitrogen atoms and the hydrogen atoms 
contained in the silicon oxide layer can be minimized. Thus, the reliability of the 
silicon oxide layer is improved as well as the gap filling characteristics thereof. 

These and other exemplary embodiments, features, aspects, and 

15 advantages of the present invention will be described and become apparent from 
the following detailed description of the exemplary embodiments when read in 
conjunction with the accompanying drawings. 

BRIEF DESCRIPTION OF THE DRAWINGS 

20 FIG. 1 is a schematic illustrating a high-density plasma CVD apparatus 

used in accordance with exemplary embodiments of the present invention; 

FIG. 2 is a process flow chart illustrating various exemplary embodiments 
of the present invention; 
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FIG. 3 is a cross-sectional view of a semiconductor device in accordance 
with embodiments of the present invention; 

FIG. 4 is a graphical representation of the secondary ion mass 
spectroscopy (SIMS) profiles illustrating fluorine concentrations in silicon oxide 
5 layers formed using a conventional high-density plasma CVD process; 

FIG. 5 is graphical representation of the secondary ion mass spectroscopy 
(SIMS) profiles illustrating the fluorine concentrations in silicon oxide layers 
formed according to exemplary embodiments of the present invention; and 

FIG. 6 is a photograph of a scanning electron microscopy (SEM) 
10 illustrating a sectional view of a silicon oxide layer formed on a semiconductor 
substrate having trench regions in accordance with embodiments of the present 
invention. 

DETAILED DESCRIPTION OF EXEMPLARY EMBODIMENTS 

15 The present invention will now be described more fully hereinafter with 

reference to the accompanying drawings, in which exemplary embodiments of 
the invention are shown. This invention may, however, be embodied in different 
forms and should not be construed as limited to the exemplary embodiments set 
forth herein. Rather, these exemplary embpdiments are provided so that this 

20 disclosure will be thorough and complete, and will fully convey the scope of the 
invention to those skilled in the art. In the drawings, the thickness of the layers 
and regions are exaggerated for clarity. 
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FIG. 1 is a schematic illustrating a high-density plasma CVD apparatus 
used in accordance with exemplary embodiments of the present invention. 
Referring to FIG. 1, a chuck 3 is installed inside a dome-shaped process 
chamber 1. The process chamber 1 is surrounded by an induction coil 5. The 
chuck 3 and the induction coil 5 are connected to a bias power source 7 and a 
plasma power source 9, respectively. 

FIGs. 2 and 3 are a process flow chart and a cross-sectional view of a 
semiconductor device, respectively, in accordance with exemplary embodiments 
of the present invention. Referring to FIG 3, an interlayer-insulating layer 31 is 
formed on a semiconductor substrate 30. At least two neighboring 
interconnection patterns 36 are formed on the interlayer-insulating layer 31. 
Each of the interconnection patterns 36 may include an interconnection 33 and a 
capping layer pattern 35, which are sequentially stacked. Thus, the 
semiconductor substrate having the interconnection patterns 36 has a surface 
step difference. In other words, a gap region G having a predetermined aspect 
ratio is formed between the interconnection patterns 36. The interconnection 
patterns 36 may correspond to gate patterns formed directly on the 
semiconductor substrate. Thus, the process of forming the interlayer-insulating 
layer 31 is omitted, and a predetermined region of the semiconductor substrate 
30 can be exposed through the gap region G between the interconnection 
patterns 36. 

Referring to Figs. 1 through 3, a semiconductor substrate 30 having a 
gap region G is loaded onto the chuck 3 as shown in FIG. 1 (step 11 of FIG. 2). 
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Then, the air in the process chamber 1 is exhausted using a vacuum pump (not 
shown), thereby creating a vacuum ambient within the process chamber 1 (step 
13 of FIG. 2). The plasma power source 9 and the bias power source 7 are 
turned on to supply a plasma power and a bias power to the induction coil 5 and 
5 the chuck 3, respectively (step 15 of FIG. 2). The plasma power is preferably in 
the range of about 2500 to about 5000 watts, and the bias power is preferably in 
the range of about 800 to about 4000 watts. Also, process gases are injected 
into the process chamber 1 to produce high-density plasma over the chuck 3 
(step 25 of FIG. 2). Preferably, the pressure in the process chamber 1 is in the 
10 range of about 2 to about 4 mTorr. Further, the semiconductor substrate on the 
chuck 3 is heated to a temperature of about 550''C to about 700X. Then, a 
material layer is formed on the semiconductor substrate. 

The injection of the process gases (25 of Fig. 2) can be performed using 
various methods. 

15 According to one exemplary embodiment of the present invention, the 

injection of the process gases (25 of Fig. 2) can be achieved by injecting only first 
main process gases (step 19A of FIG. 2), which include a silicon source gas, an 
oxygen gas, a nitrogen free chemical etching gas and a hydrogen gas. The 
silicon source gas may be a silane (SiH4) gas or a disilane (Si2H6) gas, and the 

20 nitrogen free chemical etching gas is preferably a silicon fluoride (SiF4) gas. The 
first main process gases react with one another inside the process chamber 1 . 
Thus, a deposition process and an etching process are alternately and 
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repeatedly performed on the semiconductor substrate, thereby forming a silicon 
oxide layer. 

Further, the silicon source gas reacts with the oxygen gas to form an 
initial thin silicon oxide layer (37 of FIG. 3) on the semiconductor substrate. The 
initial silicon oxide layer 37 may include overhangs 37A on the upper corners of 
the interconnection patterns 36, as shown in FIG. 3. The overhangs 37A are 
chemically etched by fluorine ions dissociated from the chemical etching gas. 
Thus, while the first main process gases are supplied, a deposition process and 
an etching process are alternately and repeatedly performed to form the silicon 
oxide layer that completely fills the gap region G. 

While the deposition and etching processes are performed, hydrogen 
ions dissociated from the hydrogen gas are bonded with the fluorine ions 
dissociated from the chemical etching gas, thereby producing hydrofluoric acid 
(HF). In addition, the hydrofluoric acid is completely vaporized because the 
semiconductor substrate has a temperature of about 600''C. The vaporized 
hydrofluoric acid gas is exhausted from the process chamber 1. Thus, the 
amount of fluorine ions and hydrogen ions penetrating the semiconductor 
substrate are reduced as compared to the conventional high-density plasma 
CVD process. Also, the reduction of the fluorine ions inside the process chamber 
1 may prevent the process chamber 1 from being corroded by the fluorine ions. 
Further, since all of the first main process gases do not contain nitrogen; a pure 
silicon oxide layer can be formed. Furthermore, when forming contact holes by 
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etching the silicon oxide layer, the contact holes are formed having normal 
profiles because the silicon oxide layer is void of substantially all or all defects. 

According to another exemplary embodiment, preliminary process gases 
are injected into the process chamber 1 prior to injection of the first main process 
gases (step 17A of FIG. 2). The preliminary process gases include a silicon 
source gas, an oxygen gas and a helium gas. During the injection of the 
preliminary process gases, the silicon source gas reacts with the oxygen gas to 
form the initial silicon oxide layer 37, as shown in FIG. 3. Further, helium ions 
dissociated from the helium gas physically etch the overhangs 37A, as shown in 
FIG. 3. Furthermore, since the preliminary process gases are void of hydrogen, 
the injection of the preliminary process gases (step 17A) is preferably employed 
when the gap region G exposes the semiconductor substrate 30 to prevent the 
hydrogen ions from penetrating the semiconductor substrate 30. In other words, 
the absence of hydrogen ions during the formation of various semiconductor 
devices, e.g., MOS transistors, prevents defects, e.g., unstable electrical 
characteristics in a threshold voltage of a semiconductor device, from forming in 
a semiconductor device. 

According to yet another exemplary embodiment, after the injection of the 
first main process gases (step 19A), second main process gases may be injected 
into the process chamber 1 (step 21A). The second main process gases include 
a helium gas as well as the first main process gases. Therefore, a physical 
etching process can be simultaneously performed with the chemical etching 
process during the injection of the second main process gases. 
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According to still another exemplary embodiment, after the injection of 
the second main process gases, third main process gases may be injected into 
the process chamber 1 (step 23A). The third main process gases include a 
silicon source gas, an oxygen gas and a hydrogen gas. In other words, when the 
third main process gases are injected, only a deposition process is performed. 
Thus, a deposition rate can be significantly increased. In addition, the third main 
process gases are preferably injected after reducing the aspect ratio of the gap 
region G using the first main process gases or the first and second main process 
gases. Further, during the injection of the third main process gases, hydrogen 
ions can be continuously produced while fluorine ions are no longer generated. In 
other words, while the third main process gases are injected, the fluorine ions 
remaining in the process chamber 1 can be completely purged. Further, the 
hydrogen ions may penetrate the surface of an underlying layer, e.g., a silicon 
oxide layer, into a bulk region having a depth of about 50A under the presence of 
the high density plasma, thereby removing the fluorine atoms contain in the 
underlying layer. 

Furthermore, after injecting the third main process gases, the preliminary 
process gases may again be injected into the process chamber 1 (step 17B). 

According to another exemplary embodiment, at least one of the steps of 
injecting the preliminary process gases (step 17A and 17B), the second main 
process gases (step 21 A) and the third main process gases (step 23A) described 
above in reference to the above exemplary embodiment is omitted. 
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According to still yet another exemplary embodiment of the present 
invention, the injection of the process gases 25 can be performed by injecting the 
second main process gases only (step 19B). In addition, the preliminary process 
gases may be injected prior to the injection of the second main process gases 
like the first embodiment (step 17A). 

Moreover, after injection of the second main process gases, the first main 
process gases, the third main process gases, and the preliminary process gases 
may be sequentially injected into the process chamber 1 (steps 21 B, 238, and 
178). 

Furthermore, in the exemplary embodiment described above, at least 
one of the steps of injecting the preliminary process gases (step 17A and 178), 
the step of injecting the first main process gases (step 218) and the step of 
injecting the third main process gases (step 238) may be omitted. 

FIG. 4 is a graphical representation of measurement results of fluorine 
concentrations in silicon oxide layers formed by using a conventional high- 
density plasma CVD process. The fluorine concentrations were measured using 
a secondary ion mass spectroscopy (SIMS). In FIG. 4, the abscissa represents 
the depth from the surface of the silicon oxide layer, and the ordinate represents 
the secondary ion intensity. The secondary ion intensity is proportional to the 
concentration of the fluorine ions remaining in the silicon oxide layer. 

The conventional silicon oxide layers exhibiting the measurement results 
of FIG. 4 were formed on a bare silicon substrate using key process conditions 
described in the following Table 1. 
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Table 1 



process parameters 


sample A 


sample B 


sample C 


SiH4 gas 


80 scorn (stanc 


ard cubic centimeter per minute) 


O2 gas 


1 60 seem 


He gas 


450 scorn 


NF3 gas 


0 scorn 


70 seem 


95 soom 


plasma power 


6000 watt 


bias power 


2100 watt 


substrate temperature 


600 1C 



In Table 1 and FIG. 4, sample A was formed without injecting a NF3 gas 
into a process chamber. Samples B and C were formed including the injecting of 
a NFagas into a process chamber at 70 seem and 95 seem, respectively, while all 
other process criteria was the same as sample A. In addition, sample A was used 
to confirm that the use of a NF3 gas influences the fluorine concentration in 
silicon oxide layers. 

As shown in Table 1 and FIG. 4, a conventional high density plasma CVD 
process was performed without NF3 gas as a chemical etching gas to form 
sample A, and the fluorine concentration, in sample A, corresponding to a second 
ion intensity was about 1x10"^. Samples B and C were formed using a 
conventional high density plasma CVD process with NF3 gas as a chemical 
etching gas, and the conventional silicon oxide layers, samples B and C, 
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exhibited fluorine concentrations corresponding to a secondary Ion intensity of 
about 1x1 0^ 

FIG. 5 is a graphical representation of measurement results of the 
fluorine concentrations in silicon oxide layers formed according to various 
exemplary embodiments of the present invention. The fluorine concentrations 
were also measured using a SIMS. In FIG. 5, the abscissa represents the depth 
from the surface of the silicon oxide layer, and the ordinate represents the 
secondary ion intensity. 

The silicon oxide layers exhibiting the measurement results of FIG. 5 
were formed on a bare silicon substrate using key process conditions described 
in the following Table 2. 
Table 2 



Process parameters 


sample D sample E 


sample F sample H 


a first 
process 


SiH4 gas 


42 seem 


Oagas 


75 seem 


He gas 


100 seem 


process 
pressure 


1 .5 mTorr 


substrate 
temperature 


625 r 


a second 
process 


SiH4 gas 


40 seem 


44 seem 


SiF4 gas 


20 seem 


23 seem 


O2 gas 


75 seem 


72 seem 
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H2 gas 


70 seem 


60 seem 


process 
pressure 


2.7 mTorr 


substrate 
temperature 


694 t 


plasma power 


5000 watt 


bias power 


1500 watt 



In FIG. 5, the data represented by reference characters "D" and "F" are 
measurement results at a central portion of a silicon substrate, and the data 
represented by reference characters "E" and "H" are measurement results at an 
edge portion of the silicon substrate. 

As shown in Table 2 and FIG. 5, a high-density plasma CVD process 
according to exemplary embodiments of the present invention were performed 
using SiF4 gas as a chemical etching gas. Yet, the silicon oxide layers formed 
according to the exemplary embodiments of the present invention exhibited low 
fluorine concentrations corresponding to secondary intensity of about 1x10"*. It 
can be understood that hydrogen gas is used as a reactant gas to react with the 
fluorine atoms and produce hydrofluoric acid. The hydrofluoric acid is then 
vaporized because the temperature of the silicon substrate is greater than about 
600°C and the vaporized hydrofluoric acid gas is exhausted through an outlet of 
the process chamber. 
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FIG. 6 is a photograph of a scanning electron microscopy (SEM) 
Illustrating a cross-sectional view of a silicon oxide layer formed using the 
process conditions shown in Table 2. The silicon oxide layer was formed on the 
semiconductor substrate where trench regions having a width of about 75nm 
were formed. 

As shown in FIG. 6, the silicon oxide layer formed according to the 
present invention completely filled the trench regions having a width of about 
75nm without any voids. 

As described above, according to the embodiments of the present 
invention, the process gases do not contain nitrogen. Thus, a pure and uniform 
material layer can be formed, and a normal profile can be achieved when 
patterning the material layer. Further, the fluorine ions acting as a chemical 
etchant can be completely vaporized using a hydrogen gas and a temperature of 
about 550° or greater. Thus, the amount of the fluorine atoms and the hydrogen 
atoms in the material layer are significantly reduced, thereby preventing defects 
from forming in a semiconductor device. In addition, the hydrogen reduces the 
amount of the fluorine remaining in the process chamber. Therefore, the 
corrosion of the process chamber due to the fluorine is also prevented. 

While the present invention has been particularly shown and described 
with reference to exemplary embodiments thereof, it will be understood by those 
skilled in the art that the foregoing and other changes in form and details may be 
made therein without departing from the spirit and scope of the present invention. 
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